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FOREWORD

Classified material has been removed in order to make the information
available on an unclassified, open publication basis, to any interested
parties. The effort to declassify this report has been accomplished
specifically to support the Department of Defense Nuclear Test Personnel
Review (NTPR) Program. The objective is to facilitate studies of the low
levels of radiation received by scme individuals during the atmospheric
nuclear test program by making as such information as possible available to
all interested parties.

The material which has been deleted is either currently classified as
Restricted Data or Formerly Restricted Data under ths provisions of the Atomic
Energy Act of 1954 (as amended), or is National Security Information, or has
been determined to be critical military information which could reveal system
or equipment vulnerabilities and is, therefore, not appropriate for openS~publication.

* •The Defense Nuclear Agency (DNA) believes that though all classified
material has been deleted, the report accurately portrays the contents of the
original. DNA also believes that the deleted material is of little or no
significance to studies into the amounts, or types, of radiation received by
any individuals during the atmospheric nuclear test program.
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AIMUflCT

The general objective was to estimate, tr)m analytical data on cloud samples, the relative dis-
triUntmo of cei'n rudionuclkdes between the local and worldwide fallout formed by maton-
range detonatlis on land Oad water surfaces, with particular emphasis on the distribution of
Sra asd Css between locau and worldwide fallout.

It was planned to achieve these objectives by radlochemical analyses and particle size mess-
urgments on the following types of samples: (1) particles and radioactive games present in LL-
upper portions of the clouds to be collected by hih-fyingh arcraft, (2) particulate matter in the fi .•

"clouds to be collected along nearly vertical flight paths, at several different distances from the
/ cloud axis, by rocket-propelled sampling devices, and (3) fallout to be collected at an altitude

of 1,000 feet by low-flying aircraft.
Ie project participated in a 1.31-Mt shot (Koa) fired over a coral island, a- shot

(Walnut) fired from a barge in deep water, and a 9-Mt shot (Oak) fired over a coral reed in shal-
low water. The aircraft sampling program was generally successful, and fairly complete sets
of both cloud and fallout samples were collected on each shot. The rocket program was unsuc-ceseuM because of a variety of equipment malfunctions.

The gas samples were analyzed for radioactive krypton, and the cloud and fallout samples
were each analyzed for Sr", CsI1 , and several other nuclides to give information on fractiona-
tion. Fail rate and size dLstribution measurements were made on the particle samples from the
land-surface shot. The combined analytical data was used to estimate the distribution o: Srm
and Cs'st between the local and long-range fallout.

There are no results to be reported on the spatial distribution of radioactivity In the clouds,
because this part of the project was dependent on the rocket samples.

The results from Shot Kos indicate that, if the cloud layers sampled were representative of
their respective clouds, about one-fLfth of the Sr and about two-thirds ot the Csall produced
were dispersed over distances greater than 4,000 miles. Corresponding fractions for Walnut
were about one-third for each of the two nuclides. For Oak, the fractions were about one-third
and one-half, respectively. Radionuclide fractionation was pronounced in Koa and Oak, i.e...
the radionuclide composition in the clouds varied with altitude. The local fallout was depleted,
and the upper portions of the cloud were enriched In both Sr" and Cal'. Fractionation was
much less evident in Walnut, the water-surface shot.

/
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FOREORD "

This report presents the final results of one of the projects participating In the mliitary-effect
programs of Operation Hardtack. Overall Information about this and the other military-effect
projects can be obtained irom ITR-1660, the "Summary Report of the Commander, Task Unit
3." This technical summary Includes: (1) tables listing each detonation with Its yield, type,
environment, meteorological conditions, etc.; (2) maps showing shot locations; (3) discussions
of results by programs; (4) summaries of objectives, procedures, results, etc., for all proj-
ects; and (5) a listing of project reports for the military-effect programs. k

PREFACE

In the formulation of this project, several distinct parta were established: rocket fallout samp-
ling, aircraft fallout sampling and sample analysis, data interpretation, and report preparation.
Responslbility for the conduct of rocket sampling was assigned to the University of California
Radiation Laboratory (UCRL); responsibility for the conduct of the aircraft sampling was as-
signed to the Los Alamos Scientific Laboratory (LASL); and responsibility for the conduct of .
sample analysis, report writing, and so forth, was assigned to the U.S. Naval Radiological .
Defense Laboratory (NRDL).

The Project Officer was supplied from the NRDL technical staff. H. F. Plank, as technical
adviser to the project officer, was responsible for the conduct of the LASL portion; E.H. Fleming
acted in a similar capacity for the UCRL portion; and N.E. Ballou and T. Triffet were respon-
sible for the NRDL portion.

The authors acknowledge the vital contributions made to the project, In both the field and the
laboratory, by members of the laboratories. The Individuals included: G. Cowan, P. Guthals,
and H. Plank, of LASL; R. Batzel, E. Fleming, R. Goeckerman, F. Momyer, W. NervIk, P.
Stevenson, and K. Street of UCRL; and J. Abriam, N. Ballou, C. Carnahan, E. Freiling,
M.G. Lai, D. Love, J. Mackin, M. Nuckolls, J. O'Connor, D. Sam, E. Scadden. E. Schuert,'.

P. Strom, E.R. Tompkins, T. Triffet, H. Weiss, L. Werner and P. Zigman of NRDL. K?
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DfTRODUCTION
a•.• ..r

1.1 OBJECTIVES 0

The general objective was to estimate, from analytical data on cloud samples, the relative
distribution of certain radionuclides between the local and worldwide fallout formed by megaton- .. •
ranp detonations on land and water surfaces, with particular emphasis on the distribution of %
Sr" and Cs'13 between local and worldwide fallout.

Specific objectives were to: (1) obtain airborne particle and gas samples by rocket and air-
craft sampling techniques, (2) determine the distribution of radionuclides betw.3en two groups .
of particles that differed from one another in their falling rates In air and that could be consid-
ered representative of local and worldwide fallout, (3) attempt to determine an early time distri-

bution of radlonuclides and particles between the upper and lower halves of the cloud and radially
outward from the cloud axis, and (4) estimate the extent of separation of fallout from gaseous
fission products by fission determinations on gas and particle samples collected coincidentally
near the top of the cloud at various times following the shots. %

1.2 BACKGROUND AND THEORY

Data on the geographical distribution of fallout is particularly needed to assess the global
hazards associated with the testing of nuclear devices, but the Information is also Important
for an appraisal of the effects of nuclear weapons used In warfare. . '

It has been recognized since the earliest weapon tests that a substantial portion cf the radio-

nuclides formed in a nuclear detonation are deposited throughout the world, thereby becoming
available for general biological assimilation. The total fallout is usually considered as being
divided Into two classes, designated as local and worldwide fallout.. In a general way, local
fallout Is thought of as consisting of relatively large particles, which reach the earth's surface
in a few hours, whereas worldwide fallout Is composed of finely divided material, which may .
remain suspended In the atmosphere for months or years and be deposited at long distances
from the source. A more precise differentiation is needed for specific situations-one of the
most important considerations being the location of the detonation site in relation to world cen-
ters of population. For explosions at the Eniwetok Proving Ground (EPG), the boundary between
the two classes has been chosen at a particle f-ling velocity of 3 inches per second; material
settling out more slowly than this is likely to be transported beyond the ocean areas and deposit-
ed in inbabited regions, if It attains an altitude of 100,000 feet.

The ratio of local to worldwide fallout is also governed by the height attained by the nuclear
cloud and the size distribution of the particles in the nuclear cloud, which act as collectors for
the radioactive fission-product atoms. If many large particles with fast falling rates are pres- .)

ent, as is the case for underground or surface shots where the fireball contacts the ground, the
local fallout will be large. Local fallout can be expected to decreaae as the detonation height In- '.

creazes and to become a negligible quantity for an airburst high above the ground. •

11 ,'... . . . . .
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Natmerm~ cvt1!I=t" f teedl fzI~cd have been propred ::-om yrayt=u cprnatonns, mainy
firom analyses of nL~dr.a lcaItonnty dfta ottaincd !In aerial and curtace monitoring curvoys.
Bowavor, the uncertalts in converting from dooe rate moumurementa to fzaton, prducts d3-
posted per unit are are so great tht tho resulta cannot be reardud with a M, at dZIa of coc-
%ldence. Mors reliable valus ar evidently noeud, and In plaani3 for OA- ration lardtach,
the Atomic Energy Cornminnlon c.mined possible ways of obtaining such information (Rcferancs
1). After couclerition of the difficulties inherent in additional refinement of surface mcaure-
mact tachn lques, thi itproach was abdoed. An alternative prearsm based on further devel-

Sopme wt of exlntf cloud-sampling procedures was fo-mulatod (Reference 2), and this culminated
in Project 2.8.

A knowledge of fallout partition and how it is Influenced by shot environment may contribute
to reduction in worldwide fallout during future tests and to a better understanding of the military
Implications of local fallout. It will also asist in extrapolation to previously untried shot condi-
tions and yields.

1.2.1 Formation and Nature of Fallout Particlos. When a surface burst is detonated, great
"quantities of the adjacent environment are swept up and mixed with the incandeocent air in the

"1 fireball. There is sufficient thermal energy In the hot gas to completely vaporize all the material
in the immediate vicinity, but the flow of heat into a massive object, such as a shot tower, shield,
or coral rock, will be comparatively slow even with a high temperature gradient. Consequently,
the interior portions of large structures in the tilghborhood may not receive enough heat to
evaporate and will be melted only. Later, when the fireball has risen above the surface, the
material carried lito It by the vertical air currents around ground zero will not be heated to the
melting point. As a result, the fireball in its later stages will contain the environmental com-1-" ponents as a mixture of solid particles, molten drops, and vapor. The extraneous material in
the Pacific shots will consist of coral and ocean water salts plus the components of the device,
"shield, and tower or barge.

The preponderance of oxygen and of the environmental material In the fireball is of cutatand-
ing importance in the formation of the fallout particles. As the hot air cools through the range
3,500" to 1,000" K, it becomes saturated with respect to the vaporized conitituents. and they con-
Sdense ouths an aggregate of liquid drops (Reference 3), most of which are very small (References
4"and with the solid parte mixed with the larger drops formed by melting the environmental material

SThe radionuclide atoms present will collide frequently with oxygen atoms or molecules and,
because the majority of them are electron donors, metallic oxide molecules will be formed,
which become thermodynamically stable as the temperature falls. The oxide molecules, or
free radionuclide atoms, also have frequent collisions with the liquid drops of environmental
material (silica, 2lumina, iron oxide or calcium oxide), and these collisions may be inelastic,
because in some cases the incoming molecules will be held by strong attractive forces. The
radioactive oxide molecules that condense at the liquid surface will spread into the Interior of
the droap and become more or less uniformly distribut-d throughout. Later, alter the liquid
drops have frozen, the Incoming radlonuclilde molecules may be held by surface forces. Be-
cause of the very low concentrations of the radionuclide oxide molecules, collisions with one
"another will be relatively infrequent, and it appears that the aggregation of enough molecules
of this type to form a drop or crystal will be a rare event, if It occurs at all.

Another way in which the radionuclide molecules may become associated with the environ-
mental material Is by participation in the structure of the cluster embryos, which are the pre-
cursors of the liquid drops (References 4 and 6).

The isobaric radionuclide chains formed in the explosion are known to be distributed on a
mass scale in a w.y generally similar to the products of asymmetric fission of U" by thermal
neutrons, but with some important differences. The experimental yield curve for slow neutron
fission ha3 a broad minimum for mass numbers approximately half that of the original nucleus
and maxima on either side at mass numbers in the neighborhood of 95 and 139 (Refervence 7),
Comparing the chain yields for megaton-range detonations with this curve, it Is noted that there

12
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is a "=l drop in the pesk yields accompanied by an inerea In the orsnwtrtc •fston pgobabi..
ity. Tme same auide distribution might b eVpected in the•falUt material, amd tUs In found
to be roughly true under certain conditions. In other cues, the elements formed Initially p-rtial.
ly sepWarat with respect to one another s0 that samples of fallout may differ In composition a-
mong themselves and also from the distribution curve characteristic for the event.

FrsCtlocation is a term that has been applied to this phenomenon. It It used to signify an
alteration In nuclide composition of some portion of the debris that ronderm it nonrepresentative
of the proIucts as a whole. Tue R-values, which are commonly used for reporting radlochemical
dat on cloud and fallout samples, are useful indices of fractionatlon. The R-value for any au-
clide is defined as the ratio of the number of atoms of this n•ulide to the number of atoms of a
reference substance (usually Mo^) In the sample divided by the same ratio for the products of
thermal neutron fission of Ulu. Atoms that do not separate from the reference substance have
R-values appropriate for the type of detonation, while enrichment or depletion are manifested
by positive or negative deviations from the characteristic value.

Knowledge of the causes and mechanism of fractionation is still largely Incomplete at the
present time. C•_e effect that seems to be Indicated by the available data may occur in the Lao-
baric chains near mass numbers 9X and 140, which contain rare gas nuclides as prominent chain

* members. Because of their half-lives and Independent fission yields, they comprise a consider-
"* able fraction of the total chain yield during the period when the environmental material ie con-

densing. 11 the rare gas atoms that collide with the liquid drops of environmental material are
not held by strong forces, as appears probable, the particles formed at this stage will be de-
pleted in the nuclide chains In question.

A variety cf types of particles have been observed in the local fallout at previous test series
(References 8 through 13). For land surface shots in the Pacific they have been mainly of three
kinds: Irregular grains, spherical sblids, and fragile agglomerated flakes. The grains were not,
In general, uniform throughout but consisted of layers or shells of calcium oxide, calcium hy-
droxide, and calcium carbonate formed by the decarbonation, hydration, and recarbonation proc-
esses going on in the fireball and subsequently. The majority of them were white or transparent,

*/ but some wer-e yellow or brown. Many of the flaky aggregates were observed to disintegrate
spontaneously Into smaller particles within a few hours after collection. In addition to these
primary types, a fourth kind was noted consisting of small lack spheres of calcium iron oxide
(2CaO-Fe;O2 ). These were usually observed adhering to the surfaces of thd large grains but
occasionally were found isolated (Reference 12).

For detonations over ocean surfaces, the fallout collected consisted of droplets of salt slurry
-/ 50 to 300 microns In diameter. These contained about 80-percent salt, 18-pertent water and

2-percent insoluble solids by volume. The major part of the radioactivity was found In the in-
soluble solids portion. The fallout deposited at more distant points has not been as weil charac-
teri*zed but is believed to be composed of minute spheres formed by condensation of the environ-

- mental material from the vapor plus a very fine, unfused dust swept up into the cloud from the
area around the ihot point (Reference 14).

J The availability of the radioactivity in the fallout for assimilation Into the biosphere depends
to a large extent on its solubility In aqueous or slightly acid media. Determination of the soluble
fraction is therefore an important problem, and solubility studies have been reported on fallout

• .from several of the shots during Operations Castle and Redwing. For Castle fallout, it was
found that the soluble fraction was strongly dependent on the detonation environment, being a-
round 0.05 for land shots and 0.58 to 0.13 for shots fired from a barge (Reference 15). The
solubility In seawater of the fallout from the reef shot (Tewa) during Operation Redwing was
"investigated In two ways: by leaching of particles placed on top of a glass wool column and by

.' centrifuging a suspension of tie fallout material (Rtierence 13). The soluble fractions found by
these two methods were 0.08 and 0.18, respectively. An ultraliltration method was used for
determining the soltAbility of fallout from the land shot (Zuni). About 25 percent of the total
gamma activity and Np2 3' were soluble in seawater, and 3 percent of the total gamma activity

was soluble in rainwater.
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dependent of shot onviraorit.

1.2.2 Cloud Devlopment. DurinZ the later csages of exiatence of the fireball, It is tran-
formed ino a vort= ring whose ratatiocal velocay persists up to the maximum cloud altitbid,
at least for the larger shota. no vortex contains the finlion producta, euviroamental material,
and bomb compaonto that were prevent in the fireball and Is the site where the radioactive tanf-
out particles are gMerated. T7U cloud continues to rise until its buoyancy to reducod to zero
by adiabatic expansion, entraining of cold air, and loms of energy in ovgrcomLng atmospheric
drag (References 17 through 19). The diameter of the ring Increases rapidly during the accent,
and the cloud spreads out laterally to a large area as its upward velocity decreases. For small-
or yields ths cloud stops at the tropopause or below, bat for megaton-raan* yields the top may
penetrate several thousand feet into the stratosphdre. The time to maximum altitude is some-
what less than 10 minutes.

. A knowledge of the distribution of activity and particlcs within the stabilized cloud is needed
for the establishment of a rational f.llout model; however, the collection of a suitable set of
samples thiat could be used to detesmine these quantities experimenially presents a formidable
operational problem that has not yet been solved. Several distributions have baen assumed in

* an effort to match the fallout patterns on the ground, but it is not known bow closely these models
correspond to the actual structure of the cloud. Considering the method of formation, it might
be anticipated that the activity would be greatest In an anchor ring centered on the axis of the

. cloud. Some evidence for this structure was obtained during Operation Redwing with rockets
with telemetering Ionization chambers (Reference 20).

1.2.3 Transport and Distribution. During the ucent of the nuclear cloud, the particles are
* acted on by body forces and by the vertical currents in the rising air. Some of the large parti-

cles will be heavy enough so that they will have a net downward velocity even though the cloud
as a whole is moving upward. They will contribute to the fallout in the immediate vicinity of

"" ground zero (Reference 21). During this time, volatile fission products may be fractionated
* from less volatile fission products by a kind of fractional distillation process within the hot

cloud.
Once the upward motion has ceased, the particles Ln the cloud will begin to settle out at rates

determined by their density, dimensions, and shapes and by the viscosity and density of the air
(Reference 22). The terminal velocities for 3mall spheres can be accurately calculated rhen
the dependence of the drag coefficient on Reynold's number is known. Irregular or angular par-

- ticles will fall more slowly than spheres of the same weight, but their velocities cannot be
"estimated as well because of uncertaint7 in the shape factors (Reference 23).

The particles that make up the local failout follow trajectories to the surface governed by
their fall rates and oy the mean wind vector between their pcints of origin in the cloud and the
ground level. Locations can be specified by reference to a surface coordinate system made up
of height lines and size lines. The height lines are the loci of the points of arrival of all parti-
cles originating at given heights on the axis of the cloud. The size lines connect the arrival

*. points of particles of the same size frcm different altitudes. Time and space variation of the
winds will change the magnitude and d~rection of the mean wind vector, and vertical motions In
the atmosphere will alter the failing rates of the particles. Corrections for these effects can
be made when adequate meteorological data is available.

The local fallout, as defined here, will be down in 4.5 days or less, leaving aloft an aggre-
gate of particles ranging from about 25-micron diameter down to submicron size. For small
shots the majority of this will be in the trcpoaphere, bet for megaton-range yields a large pro-
portion will be deposited in the stratosphere. Hence, in discussing worldwide fallout, It is de-
sirable to consider it as subdivided into two classes identified as tropospheric (or Intermediate)
fallout and stratospheric (or delayed) fallout (Reference 24).
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